Abstract. UV astronomy has a promising long-term future if astronomers think boldly about where the next frontiers lie in this rich field. The most exciting of these frontiers involve resolving structures near or below angular scales of 20 mas and/or obtaining modest resolution spectroscopy of nanoJansky sources across the 0.11 − 2.5 µm wavelength range (the optical and NIR bands provide rest-UV coverage at high redshift). These challenging requirements demand large apertures in space -apertures of at least 8 meters in diameter and, by the end of 2020 decade, up to 20 meters. Incremental advances in telescope aperture are not compelling, so radical advance is needed. Fortunately, the technology needs of several communities are aligning to make large space-based optical systems affordable.
INTRODUCTION
The ultraviolet region of the electromagnetic spectrum is highly sensitive to many fundamental astrophysical processes and, hence, measurements at rest-UV wavelengths provide robust, and often unique, diagnostics of the roles of these processes in a establishing a variety astronomical environments and in controlling the evolution of a variety of objects. Our knowledge of star formation and evolution, of the growth of structure in the universe, of the physics of jet phenomena on many scales, of the nature of AGN, of aurora on and atmospheric composition of the gas giant planets, and of the physics of protoplanetary disks has either been gleaned or greatly expanded through UV observations. Furthermore, our understanding of the evolution of chemical abundances in the universe relies on observations at longer wavelengths of the rest-frame UV from sources at high redshift -a key value of "UV" science that must be included when defining the future of UV astronomy.
The most compelling science cases for a future large-aperture UVOIR space telescope require major increases in both angular resolution and sensitivity over existing or planned facilities in the 0.1 to 2.5 µm wavelength range. The science cases must also be crafted to acknowledge that the most compelling astrophysical questions to be addressed in the 2020 era will, like those today, be pursued using data obtained from both space-based and ground-based telescopes. Indeed, without this synergy, key elements to our understanding of the cosmos would remain unknown. The impressive capabilities anticipated for ground-based observatories in the upcoming decade (e.g., 20 to 40-meter class optical telescopes, ALMA, and potentially the SKA near the end of the decade) will redefine the existing synergy between ground and space telescopes. Advances, over the next decade, in Multi-Conjugate Adaptive Optics (MCAO) and Ground-Layer Adaptive Optics (GLAO) for large aperture ground-based telescopes [1] [2] [3] may enable intermediate to high Strehl ratio ( 40-80%) performance over fields of view of perhaps up to 2 arcminutes across for wavelengths longwards of ∼ 1µm.
For the foreseeable future, however, space will be the optimal environment for observations that require any combination of very high-angular resolution and precise wavefront control over fields of view larger than ∼ 2 arcminutes or at all wavelengths shorter than 1 micron, very high sensitivity (nanoJansky levels), very stable PSF performance across the field of view, high photometric precision (< 0.0001 mag) and accuracy in crowded fields, and very high stability of all these performance parameters over tens to hundreds of hours of exposure time.
So just how bold do we need to be? Several independent scientific drivers that we will highlight here require primary aperture diameters of at least 8 meters and, for some applications, as large as 16 meters. The telescopes must be diffraction-limited at least down to 500 nm and must have good sensitivity down to 110 nm. A UVOIR space telescope with such capability will be revolutionary.
ASTROPHYSICS REVEALED
Conceptual breakthroughs in understanding astrophysical phenomena are made when our ability to probe faint structures on the relevant angular scales is enabled by our astronomical observatories. HST tremendously advanced our understanding of galaxy evolution because its angular resolution at its diffraction limit (∼ 65 mas) is, for all redshifts, less than or equal to one half of the angular scale of the kiloparsec-size features within galactic systems that reveal key morphological information. There is great scientific power in combining such high spatial resolution with sensitive UV spectrographic capabilities as well. For example, Grady et al. [4] used STIS observations of the protoplanetary disk around HD 100546 to measure UV emission from HI Lyα, NI, SiII, and fluorescent H 2 to track the disk surface density profile on scales of ∼ 5 AU (∼ 50 mas). These data revealed a central cavity extending 13 AU from the star, a radius more than 20 times larger than would be expected for dust sublimation alone and, thus, suggestive of a giant planet as the source of this gap. These observations are further enabled by the fact that the UV flux from the central star is greatly suppressed due to interstellar absorption of its coronal Lyα emission, providing a "natural" inner working angle that is similar to that for a medium-contrast coronagraph.
The next generation UV/Optical space telescope will be poised to make equally large scientific breakthroughs if it can achieve resolutions close to an order of magnitude greater than that of HST (and of JWST). Achieving ∼ 8 to 15 mas angular resolution is required for some highly compelling science that will not be readily achieved by any other facility. For example, such spatial resolution and sensitivity are needed if we wish to definitively detect the potentially rare occurrence of biosignatures in the atmospheres of terrestrial-mass exoplanets, to understand the role of supermassive black holes in the formation and evolution of galaxies, and to trace the kinematics of dark matter on galactic scales to directly map the growth of structure over time. We discuss these cases in brief detail below. We note that these are just three of many exciting investigations requiring a large UVOIR space telescope (and surely enabling an even greater number of as yet unimagined discoveries).
Supermassive Black Holes: A Key To Understanding Galaxies
Galaxy formation is a complex process that we can currently only crudely model. An extremely important but poorly understood part of this process is the role of feedback from the energetic jets and winds powered by the central supermassive black holes (SMBH) that appear to be present in nearly all galaxies. The SMBH in galactic nuclei are indeed large -with masses that are typically ∼ 10 7 − 10 9 M and that scale approximately with the mass of the host galaxy [5] [6] . Fundamental questions remain about the origin of the relation between the SMBH and their host galaxies, about the precise relation between the energy output from the SMBH and the star formation efficiency and rate within the galaxy, and the nature of the fueling mechanisms and growth of the central SMBH over time. A large-aperture UVOIR space telescope should provide unique and new constraints on all of these questions.
The key to unlocking the answers is the ability to obtain spatially resolved images and spectra of the disks of accreting gas in the central regions around SMBHs. These are currently among the least understood of all the phenomena associated with SMBHs in active galactic nuclei (AGN). With physical dimensions of only a few hundred parsecs (corresponding to several thousand Schwarzschild radii), these disks are barely resolved for just a handful of nearby AGN in the local universe, and remain completely unresolved for all other AGN up to cosmological distances. Yet this is one of the most crucial regions to understand in AGN, since it represents the closest gas to the central black hole, thus directly tracing the energetics of the central engine.
Resolving the morphology and dynamics of these disks not only in local galaxies but also in sources at cosmological distances, up to at least the epoch of reionization of the universe, will provide an unprecedented breakthrough in our understanding of the physics of the central AGN. Based on the typical size scales of gas disks around nearby SMBHs in the local universe, a spatial resolution of at least 100 pc is required to be able to resolve the disk sufficiently well to obtain a measurement of the mass via Lyα line spectroscopy [7] . The left half of Table 1 gives the limits obtained for telescopes of different apertures, assuming they are diffraction-limited above 0.6µm. The approximate number of potential targets is calculated using current models of black hole growth for each redshift volume [8] . There are significant jumps (factors of >25) in sample size at 8-m and at 16-m. The redshift limit of 7 for the 16-m telescope reflects the fact that it can resolve 100 pc at the wavelength of the redshifted Lyα line at all lower redshifts as well -as demonstrated in Figure 1 .
Direct Tests of the Gravitational Instability Paradigm
The kinematics of the cosmic expansion and its causes (i.e., dark matter, dark energy) are being transformed into a high-precision science due to WMAP and various proposed dark energy survey missions. The same level of validation, however, is not yet possible for the gravitational instability paradigm as the underlying physical framework for the origin of structure in the universe. This is due to our present inability to make systematic, robust measures of the mass of cosmic structures and of the properties of their stellar populations (total mass, star formation rate, age, chemical content) across a significant fraction of the age of the universe. A ∼ 10 meter class UVOIR space telescope would FIGURE 1. The angular scale required to measure the kinematics and morphology of a typical SMBH accretion disk (∼100 pc) as a function of redshift is shown as a thick curve, assuming a spatially flat universe with H o = 70 km s −1 Mpc −1 and Λ = 0.7. The angular resolution of a 15-meter space telescope at the wavelength of the redshifted Lyα line, the key feature used to trace the disk kinematics and structure, is shown as a thin curve. The latter is always less than the former at all redshifts enabling masses to be measured for thousands of SMBHs. The resolution of HST at its nominal diffraction limited wavelength (630 nm) and that of a 15-meter space telescope at 500 nm are shown for reference. A 15-meter aperture is the minimum needed to be able to perform spatially resolved Lyα spectroscopy at 100 pc scales at all redshifts up to and including the epoch of reionization of the universe.
provide this revolutionary capability through its ability to study faint sources in their rest-frame UV at high redshift.
The bulk of the stellar mass assembled in galaxies between z ∼ 3 and z ∼ 1, by which time the Hubble sequence was essentially in place [9] [10] [11] [12] [13] . To test the gravitational instability paradigm for structure formation at a much deeper level we must follow the growth of mass and stellar populations over this key cosmic period [14] . The total (dynamical) masses of galaxies can be measured by means of gas kinematics from absorption spectroscopy of background galaxies, if sufficient spectroscopic sensitivity is available, essentially using galaxies in the same way as bright quasars have been used to study the intergalactic medium. Optically bright galaxies are vastly more abundant than optically bright quasars, especially at high redshifts [15] , roughly by two orders of magnitudes down to a common flux level. In fact, galaxies are so abundant that if absorption spectroscopy of sufficiently faint ones can be obtained, they offer the exciting possibility of doing spatially resolved kinematics of individual foreground galaxies. For example, accurate dynamical masses can be derived from 5 to 10 independent spectroscopic probes distributed over a radius of ∼ 100 -200 kpc about a targeted z = 2 galaxy and detailed mass profiles of the gas in its dark matter halo could be obtained with about 60 independent probes. This requires the ability to carry out low to medium resolution spectroscopy (R ∼ 1000 -3000) of sources as faint as 30th magnitude in the z-band. This flux limit reaches the required ∼ 500 arcmin −2 surface density of UVbright galaxies (in the UV rest-frame) with redshifts 2.5 < z < 5. With 60 galaxies in FIGURE 2. Spectra of a z=3.5 background emitter galaxy and a z=2 foreground absorber galaxy. Key metal absorption lines in the foreground z=2 galaxy are superposed on relatively featureless parts of the rest-UV emitter's spectrum. With a ∼ 10 − 16m UVOIR space telescope one can use background galaxies at z > 3 to probe the mass profile and ISM of foreground galaxies, providing a far finer sampling than is enabled by background QSOs, enabling precision tests of the gravitational instability paradigm. the background of a galaxy at z ∼ 2 within 100 kpc (∼12 arcseconds) of its center, one can determine the kinematics of the gas around the z ∼ 2 galaxy with a spatial sampling of ∼ 15 kpc. An integral field spectrograph would be well suited for this task. Useful absorption features include CIV (0.15 µm) or MgII (0.28 µm), which in QSO Lymanlimit systems correlates well with neutral hydrogen. Figure 2 shows that the absorption features are superposed on a relatively feastureless region in the rest-frame UV part of the background galaxy's spectrum. A survey of several hundred 1 < z < 3 galaxies would transform the gravitational instability paradigm into a precisely tested theory.
The Search for Life in the Universe
With more than 250 known extrasolar planets and planetary systems, there is a general belief among astronomers, albeit as yet unverified by data, that many terrestrial-mass planets orbit nearby stars and some should have detectable signatures of life. If life alters the atmospheres of other planets as it has on Earth through the production of oxygen and CO 2 , for example, we could see these chemical signatures in spectra of the planets [16] [17] . Direct detection of biosignatures from terrestrial mass (≤ 10 M ⊕ ) exoplanets within the local solar neighborhood (up to ∼100 parsecs) will clearly be a major observational objective of the next 25 years. However, it is a problem that is nearly impossible to attack with space telescopes a few meters in size and completely undoable from the ground even with 30-m class telescopes [18] . The main difficulties are that terrestrial planets at temperatures amenable to life as we know it are faint (an Earth twin around a solar-like star at a distance of 20 pc is ∼ 30.5 mag) and in close proximity to a star that is many orders of magnitude more luminous. The observational difficulties, however, decrease dramatically with increasing telescope diameter. Larger space telescopes can study planets farther from the solar system, and because the accessible volume of space is proportional to the cube of the limiting distance, itself proportional to the telescope diameter, the sample sizes increase rapidly with increasing telescope aperture, scaling roughly as D 2.8 . Sample size is a key issue in setting the minimum required telescope aperture needed to ensure a scientific outcome worthy of the investment. Beckwith [17] , using the SETI catalog of ∼18,000 stars, computed the number of candidate stars that are accessible to a characterization survey of exoplanets in the habitable zone (HZ) as a function of the aperture size of the telescope conducting the survey. The results are shown in the last two columns of Table 1 . To compute the expected number of potentially habitable exoplanets one needs to multiply the sample sizes by the fraction of stars that have planets in their habitable zones (a parameter called η ⊕ ). Ultimately, one would further multiply by the fraction of those HZ planets that exhibit detectable biosignatures (η LIFE ) to get an estimate of the number of detectable life-bearing planets. Only 15% of nearby stars have planets that we can detect with current techniques -planets similar to Jupiter and Saturn -and only about 10% of those lie in the HZ. Better constraints on η ⊕ are expected from the COROT and Kepler missions. There are no constraints on η LIFE as yet. It will therefore be an enormous advantage to have hundreds of systems available for study to increase the likelihood of discovering a planet with the right properties for life, at least as we know it on Earth. From a sample size consideration alone, a telescope with an aperture of at least 8 meters and more likely closer to 16 meters is needed for the task. A question that must be explored is whether the wavefront control requirements for starlight suppression (via an internal coronagraph) are compatible with existing UV mirror coatings. However, the wavefront control requirements with an external occulter are significantly lower and compatible with existing coating technologies.
The UV/Optical Angular Resolution Gap and The Cost Challenge
The left-hand plot in Figure 3 shows the actual or anticipated angular resolution as a function of wavelength for a representative selection of ground and space-based astronomical observatories. As the above science cases demonstrate, there is a need for achieving much higher angular resolutions and sensitivities in the UV/optical than will be provided by any planned facility. Furthermore, for the science from facilities like ALMA, TMT, EELT, and GMT to be optimized one will certainly want a facility that is capable of achieving comparable spatial resolution in the UV/optical regime. The challenge the astronomy community faces, given the compelling science enabled by a 8+ meter UVOIR space telescope, is how do we construct it for a cost that is comparable to current flagship-class missions. The right-hand plot in Figure 3 shows the construction costs in fixed year dollars as a function of primary aperture diameter for past, present, and soon-to-be operating telescopes. The solid line shows D 2.7 cost curves, consistent with Meinel [19] for monolithic telescopes. Modern ground-based telescopes (post-1992) have cost curves that are significantly shallower (dashed line in the figure is D 1.4 ) or shifted dramatically to downwards due to the invention of new technology (e.g., segmented mirrors) or the use of different architectures (e.g., SALT, HET). Similar trends are seen for space-based telescopes. The construction costs for JWST are similar to those of HST and yet JWST has an aperture that is 2.7 times larger and a mass that is a factor of 1.7 smaller. Indeed, the rapid progress on lightweight mirror technology that enabled the JWST is already being extended using new materials and processes, such as silicon carbide, corrugated and/or nanolaminate mirrors [20] [21] . Combined with advances in closed-loop wavefront control of active optics, it is plausible that 8-meter and larger UVOIR space telescopes that would be affordable by NASA in the 2020 era if the technological development continues appropriately.
A key element to achieving maturity of the technology needed for a large UVOIR (non-cryogenic) space telescope is partnership with other communities that have similar technology drivers (but larger annual budgets!). In particular, the UV/optical astronomy community should be cognizant of the common technology needs by both the scientific and defense-related Earth observing communities. A substantial fraction of the lightweight mirror technology development program now underway is funded by the U.S. Department of Defense.
CONCLUSIONS
Sam Walton, founder of Walmart, is attributed with stating "Incrementalism is innovation's worst enemy. We don't want continuous improvement, we want radical change." This philosophy has great merit for those making the case for the next generation of astronomical UVOIR space-based facilities. The UVOIR astronomy community has many compelling science cases that all demand similarly large telescopes in space and, for the most part, the performance requirements are compatible (or can be made compatible by advances in coating, detector, and coronagraph/occulter technology). The challenge will be to ensure that NASA invests wisely in, and seeks partnerships with all relevant communities in the development of, the key technologies needed to make the 8-16 meter class UVOIR observatory affordable by the 2020 era. If we do, then UV astronomy will indeed be "Ultra Visionary" astronomy.
